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Purpose: Temozolomide (TMZ) is a commonly used anti-glioblastoma (GBM) drug. However, 
glioblastoma cells frequently show primary and acquired resistance to TMZ. As a promising anti- 
GBM candidate, resveratrol (Res) faces the similar problem as TMZ. Although resveratrol 
combined with TMZ (Res/TMZ) has been reported to be used to treat GBMs, it remains unclear 
whether this combination is broad-spectrum for all glioma cells until now, especially for GBM 
cells/cases with dual drug resistance. The study aimed to evaluate the synergistic effects of 
resveratrol and TMZ against GBMs and identify the underlying mechanisms.
Materials and Methods: Drug sensitivities of rat RG-2, human LN-18 and LN-428 cell 
lines and effectiveness of Res/TMZ combinations were investigated via multiple experi-
mental methods. O6-methylguanine-DNA methyltransferase (MGMT) was observed by 
Western blotting and immunocytochemistry (ICC). Transducer and activator of transcription 
3 (STAT3) signaling pathway and expression changes of STAT3-related gene were detected to 
explore the possible synergistic mechanism.
Results: One hundred micromolar resveratrol and 500 μM TMZ inhibited the growth of RG- 
2 cells and the low-dose combination (25 μM/250 μM) showed similar suppressive effects. 
LN-18 and, especially, LN-428 cells were neither sensitive to 100 μM resveratrol nor to 500 
μM TMZ, while their growth was suppressed by combination of 75 μM Res/750 μM TMZ 
with the suppressive rates of 62.5% and 28.6% and apoptosis rates of 11.9% and 7.4%, 
respectively. Resveratrol had regulatory effect on the expression of MGMT and it could 
significantly down-regulate MGMT overexpression caused by TMZ. In addition, STAT3/Bcl- 
2/survivin signaling pathway was also remarkably inhibited in Res/TMZ-treated GBM cells.
Conclusion: Our results demonstrated synergistic effects of Res/TMZ on RG-2 cells and 
their bilaterally sensitizing effects to LN-18 and LN-428 cells. Frequent upregulation of 
MGMT and activation of STAT3 are the unfavorable factors for the treatment of GBMs and 
they may be the potential targets of Res/TMZ therapy.
Keywords: resveratrol, temozolomide, synergistic effects, glioblastoma, MGMT, STAT3, 
Bcl-2, survivin

Introduction
Glioblastoma (GBM) is the most common malignant tumor with extremely poor 
prognosis.1 The combination of surgery, radiotherapy and/or chemotherapy is the 
main strategy of GBM therapy.2 However, the difficulty of eradicating high aggressive 
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GBM tissues always leads to the recurrence after surgery. 
Therefore, post-operative adjuvant chemotherapy has to be 
employed to prevent tumor relapse and to prolong the survi-
val time of GBM patients.3 Currently, the second-generation 
oral alkylation agent temozolomide (TMZ) (Figure 1A) is 
the standard first-line chemotherapeutic drug because of its 
strong capability to cross the blood-brain barrier,4 relatively 
weaker adverse effects and higher effectiveness to extend 
patients’ life span.5

It has been recognized that TMZ methylates guanine at 
position O6 of DNA, resulting in DNA cross-linking and 
finally cell death.6 MGMT, a 22 kD DNA repair protein, can 
bind with methyl groups to repair TMZ-caused DNA 
damage and therefore prevent the apoptosis of cancer cells. 
For instance, MGMT can reduce the efficacy of treating 
GBM of TMZ via removing TMZ-caused methyl groups at 
the site of DNA O6 guanine within 10 minutes.7 

Consequently, more than half of GBM patients with expres-
sion of MGMT relapse after TMZ chemotherapy, while the 

recurrent rate of GBM patients negative in MGMT expres-
sion is less than 10%.8 Apparently, the status of the expres-
sion of MGMT may influence the therapeutic outcome of 
TMZ and, alternatively, well control of the expression of 
MGMT would be helpful in improving the treatment effects 
of TMZ for GBM. Based on the fact that GBM frequently 
shows primary and secondary resistance to TMZ, it would 
be of clinical values to explore the way(s) for improving the 
TMZ-based therapy strategies for GBM.

Resveratrol (Res) (Figure 1B), a polyphenolic com-
pound, inhibits the growth of various human tumors in -
vitro.9 Unlike most anticancer agents, resveratrol shows 
little adverse effects on normal neuronal cells in vitro and 
the brain tissues in vivo at the anticancer doses (100 μM to 
200 μM).10 A large quantity of evidence has demonstrated 
that resveratrol can exhibit its antitumor effects on cancer 
cells by changing multiple molecular targets.11 For exam-
ple, it can inhibit the growth and induce apoptosis of 
human glioma cells by inhibiting the activation and 

Figure 1 Distinct cellular response of rat RG-2 glioblastoma cells, human LN-18 and LN-428 glioblastoma cells to 100 μM resveratrol (R100) and 500 μM TMZ (T500) 
treatment for 48 h. (A) Structure of temozolomide. (B) Structure of resveratrol. (C) HE morphological staining (×20) performed on the three kinds of cell lines cultured 
normally (CON) or with 100 μM resveratrol and 500 μM TMZ. (D) MTT cell proliferation assay. The error bars, the mean ± standard deviation.
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transcription of STAT3.12 However, all current GBM cell 
lines respond to resveratrol and TMZ differently,13 indicat-
ing the limitation of their wide use in GBM treatment. 
Because the combination of anticancer drugs can improve 
the primary and secondary drug resistance, it may be 
possible to overcome the dual drug resistance of GBM 
cells to TMZ as well as resveratrol. Previous studies on 
this issue mainly focused on the study of resveratrol to 
reverse resistance to temozolomide. However, this study 
aims to address the synergistic sensitization effect between 
resveratrol and temozolomide against glioma cells. 
Evaluation of MGMT and STAT3 signaling pathway 
were detected to investigate the underlying mechanism of 
reversed resistance of both resveratrol and temozolomide 
through effective combination treatment of Res/TMZ.

Materials and Methods
Agents
Resveratrol and TMZ (3,4-dihydro-3-methyl-4-oxoimidazo 
[5,1-d]-as-tetrazine-8-carboxamide, TMZ) were purchased 
from Sigma (SigmaChem Co., St. Louis, USA). 
Resveratrol was dissolved in dimethyl sulfoxide (DMSO; 
Sigma Chem Co.) to prepare a stock solution at concentra-
tion of 100 mM, TMZ was dissolved in DMSO to prepare 
a stock solution at concentration of 1 mM, both were 
wrapped in aluminum foil for protection against light and 
stored at −20°C. MTT (3-[4,5-dimethylthiazol-2-yl]- 
2,5-diphenyl-tetrazolium bromide, MTT) was purchased 
from Sigma (SigmaChem Co., St. Louis, USA) and pre-
pared at a concentration of 5 mg/mL in phosphate buffered 
saline (PBS; Beyotime, Shanghai, China) and stored at 4°C.

Glioblastoma Cell Lines and Cell Culture
Rat RG-2 glioblastoma cell line and human LN-18 and LN- 
428 cell lines14,15 were selected in this study, which were 
kindly provided by Professor Nicolas de Tribolet, 
Department of Neurosurgery, Central Hospital of 
Lausanne University (CHUV), Switzerland. The use of the 
three kinds of cell lines was approved by the Institutional 
Review Board of Dalian Medical University (DMU). All 
cell lines used in the study were authenticated for accuracy 
by short tandem repeat (STR) test in February 2019 by 
GENEWIZ, Inc., Beijing, China, and tested periodically 
for mycoplasma by PCR. The three kinds of cell lines 
were cultured in Dulbecco’s modified Eagle’s essential 
medium (DMEM; Invitrogen Co., Grand Island, NY, 
USA) supplemented with 10% fetal bovine serum (FBS; 

Gibco, Grand island, NY, USA) and 100 mg·mL–1 of peni-
cillin-streptomycin (Invitrogen Co.) under a humidified 
atmosphere of 95% air and 5% CO2 at 37°C.

Cell Growth Evaluation
To determine the cell response to drug treatments, novel 
coverslip preparation dishes (China Patent for Invention: 
ZL201520113833.9; Guangzhou JET Bio-filtration Co., 
Guangzhou, China) were employed to prepare dozens of 
cell-bearing coverslips under the same experimental condi-
tion. Briefly, 5×104 cells/mL of the three GBM cells were 
seeded to the culture-dishes. When the cells grew to 75% 
confluent, the coverslips bearing RG-2, LN-18 or LN-428 
cells were collected from the main dish and re-incubated in 
the medium containing different concentrations of resvera-
trol, TMZ or their combinations, respectively (Table 1). The 
treatments lasted for 48 h, and the coverslips were collected, 
properly fixed and then methyl thiazolyl tetrazolium (MTT) 
cell proliferation assay, hematoxylin-eosin (HE) morpholo-
gical evaluation, terminal deoxynucleotidyl transferase 
dUTP-nick end labeling assay (TUNEL; all from 
SigmaChem Co., St. Louis, USA) and ICC staining were 
performed. The effects of resveratrol and TMZ on cell 
proliferation were determined by MTT assay and shown in 
cell viability (% of control). HE staining was performed on 
cell-bearing coverslips to evaluate the morphological fea-
tures of the three kinds of GBM cell lines with different 
treatments. TUNEL assay was employed to detect apoptotic 
cells according to the producer’s instructions (Promega 
Corporation, USA), the coverslips were photographed 
using a fluorescence microscope (Leica DMI4000B, 
Germany).

Table 1 Different Concentrations of Res, TMZ or Res Plus TMZ

Cell Lines Drug Concentrations (μM)

Res TMZ Res plus TMZ

RG-2 25 250 25+250 25+500

50 500 50+250 50+500

75 750 75+250 75+500

LN-18 50 500 50+500 50+750

75 750 75+500 75+750
100 1000 100+500 100+750

LN-428 50 500 50+500 50+750
75 750 75+500 75+750

100 1000 100+500 100+750
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Annexin V/PI Staining-Based Apoptosis 
Assay
The Annexin V-FITC Apoptosis Detection Kit (Nanjing 
Key Gen Biotech Co., Nanjing, China) was used for quan-
tification of apoptosis. Cells (2 × 105/well) were seeded 
into 6-well plates and were collected after 48 h drug 
treatments. Externalized phosphatidylserine was labeled 
with annexin-V-FITC-conjugated for 15 min on ice. 
Propidium iodide (PI, 1 μg/mL) was added 10 min prior 
to FACS analysis. Viable (annexin-/PI-), early (annexin 
+/PI-) and late apoptotic (annexin+/PI+) and necrotic 
cells (annexin-/PI+) were assigned. The labeled cells 
were identified by flow cytometry BD Accuri C6 (BD 
Biosciences, San Jose, CA, USA).

Cell Cycle Analysis
Cells (2 × 105/well) were seeded into 6-well plates and 
were collected after drug treatment for 48 h. The harvested 
cells were fixed in 70% ethanol for staining with DNA 
dye, and then suspended in 0.5 mL to 1 mL of PI solution 
containing RNase and incubated at 37°C for 30 min. Cell 
cycle profiles and cell apoptotic fractionations were 
obtained with a FACSvantage flow cytometer and the 
data were analyzed with ModFit software (Verity 
Software House, Inc, Topsham, ME). The analyses were 
repeated for three times to establish confidential 
conclusion.

Western Blot Analysis
Cells were lysed using RIPA lysis buffer (Beyotime, 
Shanghai, China). The sample proteins (50 μg/well) were 
separated in 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS/PAGE) and transferred to poly-
vinylidene difluoride membrane (Amersham, 
Buckinghamshire, UK). The membrane was blocked with 
5% skimmed milk in TBS-T (10 mM Tris–HCl, pH 8.0, 
150 mM NaCl and 0.5% Tween 20) at 4°C, and then 
rinsed 10 min for three times with TBS-T, followed by 
incubation for 3 h at room temperature with the first anti-
body in appropriate concentrations (MGMT: 1:1000; 
STAT3: 1:800; p-STAT3: 1:800; Bcl-2: 1:800; survivin: 
1:800; all from Santa Cruz Biotech, Inc., Santa Cruz, 
CA, USA), and then incubation with HRP conjugated anti- 
mouse or anti-rabbit IgG (Proteintech, Chicago, IL, USA) 
1 h. The bound antibody was detected using the enhanced 
chemiluminescence system (Roche GmbH, Mannheim, 
Germany). After removing the labeling signal by 

incubation with stripping buffer,16,17 the membrane was 
reprobed with other antibodies one by one until all of the 
parameters were examined. Image J was used to measure 
the density of bands (National Institutes of Health, 
Bethesda, MD).

Immunocytochemical Staining
ICC staining was performed on the cell-bearing coverslips 
of the different experimental groups. The antibodies used 
were rabbit anti-rat and human MGMT (1:500), rabbit 
anti-rat and human STAT3 (1:500), rabbit anti-rat and 
human p-STAT3 (1:800), rabbit anti-rat and human survi-
vin (1:500), rabbit anti-rat and human Bcl-2 (1:500; all 
from Bioss Biotech, Inc., Beijing, China). Color reaction 
was performed using 3.3′-diaminobenzidine tetrahy-
drochloride (DAB; Dako, Glostrup, Denmark). 
According to the labeling intensity, the staining results 
were evaluated by two independent researchers and scored 
as negative (-) if no immunolabeling was observed in 
target cells, weakly positive (+) if the labeling was faint, 
moderately positive (++), and strongly positive (>++) 
when the labeling was stronger or distinctly stronger than 
(++).

Statistical Analysis
Each experiment was conducted for three times, and the 
data obtained were analyzed together. The statistical sig-
nificance between different experimental groups was eval-
uated with independent samples t-test. p < 0.05 was 
considered to be statistically significant. The bar graphs 
present the mean ± standard deviation (SD) of experiments 
data.

Results
Different Drug Sensitivities of the Three 
Kinds of GBM Cell Lines
In order to determine the sensitivities of RG-2, LN-18 and 
LN-428 cells to resveratrol and temozolomide, the con-
ventional in vitro treatment doses of Res18 (100 μM; 
R100) and TMZ19 (500 μM; T500) were used to treat the 
three cells, respectively. Compared with the control group 
without drug treatment, R100 and T500 showed growth 
inhibitory effect on RG-2 cells with the inhibitory rate of 
50% and 26%, which decreased to 24% and 16% in LN-18 
and further to 13% and 5% in LN-428 cells (Figure 1C and 
D). The rank of the sensitive degree of the three kinds of 
GBM cell lines to R100 and T500 were RG-2 > LN-18 > 
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LN-428, and all of them were more susceptible to resver-
atrol than TMZ at two conventional doses of treatment 
drugs (Figure 1C and D).

Low-Dose Res/TMZ Combination 
Suppressed RG-2 Proliferation
Because RG-2 cells were more sensitive to 100 μM resver-
atrol and 500 μM TMZ (Figure 1) among the three kinds 
of cell lines, they were further treated by lower concentra-
tions of resveratrol (25, 50 and 75 μM), TMZ (250, 500 
and 750 μM) and their different combinations, respec-
tively. MTT results showed that both relatively low con-
centrations of resveratrol (25 μM, p < 0.05; 50 μM, p < 
0.01; 75 μM, p < 0.01) and TMZ (250 μM, p < 0.05; 500 
μM, p < 0.05; 750 μM, p < 0.05) suppressed growth of 
RG-2 cells in dose-dependent manner (Figure 2A). HE 
staining revealed reduction of cell number and distinct 
morphological alteration of RG-2 cells (Figure 2A). The 
significant growth suppression could be achieved by the 
combination of 25 μM resveratrol and 250 μM TMZ (p < 
0.01), accompanied with cellular shrinkage, chromatin 
condensation and formation of apoptotic body 
(Figure 2A).

Suppression of LN-18 and LN-428 Cells 
by High-Dose Res/TMZ Combination
MTT cell proliferation assay was further performed on 
LN-18 and LN-428 cells. The results revealed that neither 
the single doses of R50 μM, R75 μM and R100 μM nor 
T500 μM and T750 μM showed apparent inhibitory effect 
on the two kinds of cell lines (Figure 2B, C and Table 2). 
When those doses of resveratrol (R50 μM, R75 μM and 
R100 μM) and TMZ (T500 μM, T750 μM) were used in 
combination on LN-18 and LN-428 cells, the inhibitory 
effects were both apparently improved in dose-related 
manner. As shown in Figure 2B, C and Figure 3A, the 
growth of LN-18 cells was remarkably suppressed by R50 
+T500 (p < 0.01) and R75+T750 (p < 0.01), LN-428 cells 
were suppressed by R50+T500 (p < 0.05), R100+T500 
(p < 0.01), and R75+T750 (p < 0.01), respectively. 
Extensive death was observed in those Res/TMZ-treated 
cells (Figure 3B).

Res/TMZ-Caused Apoptosis and G1 or 
S Arrest
TUNEL assay demonstrated that a high percentage of 
damage in nuclei DNA appeared in RG-2 cells after 

treated by R25/T250 for 48 h, which also appeared in 
LN-18 and LN-428 cells treated by R75/T750 combination 
after 48 h (Figure 3B). The results of flow cytometry based 
on Annexin V-FITC/PI double staining are shown in 
Figure 3C. The proportion of apoptotic cells in control 
RG-2 cells were 2.73 ± 0.47%, which increased to 16.54 
± 0.56% after treatment by R25/T250 for 48 h (p < 0.001). 
In contrast, the proportion of apoptotic cells in LN-18 and 
LN-428 cells after treatment by R75/T750 were 11.90 ± 
0.32% and 7.40 ± 0.49%. Flow cytometry analysis (Figure 
3D) revealed that 59.75% of the control RG-2 cells were 
in G0/G1 phase and 32.25% were in S phase. The propor-
tion of cells in G0/G1 phase was decreased while that of 
the S phase was elevated when RG-2 cells were treated by 
the combination of R25/T250 (p < 0.05). The percentages 
of G0/G1 phase and S phase were 33.06% and 62.55% in 
control LN-18 cells, the proportion of G1 increased (R75: 
p < 0.05; T750: p < 0.01; R75/T750: p < 0.01) and the 
proportion of S phase decreased after treatment by R75, 
T750 and especially their combination (R75+T750: p < 
0.01). The percentages of G0/G1 phase and S phase were 
62.81% and 30.06% in control LN-428 cells, no distinct 
change of the fractions of G1 and S phase was detected 
when LM-428 cells were treated by R75. However, more 
cells were arrested in the G0/G1 phase (p < 0.01) and less 
cells in the S phase (p < 0.05) when treated with R75/ 
T750.

Differential Expression of MGMT in the 
Experimental Groups
Upregulation of the expression of MGMT is known as the 
main factor leading to TMZ resistance in GBMs.6 Western 
blotting and ICC staining were therefore conducted to 
check the expression of MGMT in GBM cells before and 
after the drug treatment. ICC staining revealed remarkable 
increase of production of MGMT in the three kinds of 
GBM cell lines treated by TMZ, in comparison with that 
of control cells and the cells treated by Res or combination 
of Res/TMZ (Figure 4A). The results of Western blotting 
showed that the expression of MGMT in RG-2 cells was 
reduced by 25.4% after treatment by 25 μM Res for 48 h, 
increased by 37.6% after treatment by 250 μM TMZ 
compared with that of the control group, and decreased 
by 44.9% in 25 μM Res/250 μM TMZ-treated cells com-
pared with that of 250 μM TMZ group. The level of 
MGMT was decreased by 15.3% in 75 μM Res treated 
LN-18 cells and increased by 10.8% in LN-428 cells, 
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which was increased by 12.6% and 35.2% in 750 μM 
TMZ-treated LN-18 and LN-428 cells, compared with 
that of the corresponding control group, respectively. 
When treated by the combination of 75 μM Res/750 μM 

TMZ, levels of MGMT were distinctly reduced in LN-18 
(38.7%) and LN-428 (33.5%) cells in comparison with that 
of 750 μM TMZ-treated groups (Figure 4B and 
Supplementary Figure S1).

Figure 2 Growth-inhibitory effects of resveratrol and TMZ on RG-2, LN-18 and LN-428 cells. (A) MTT assay and HE morphological staining (×20) performed on RG-2 cells 
without (CON) and with resveratrol (25μM, 50μM, 75μM), TMZ (250μM, 500μM, 750μM), or resveratrol plus TMZ treatments for 48 h. (B) and (C) MTT assay and HE 
morphological staining (×20) performed on LN-18 (B) and LN-428 (C) cells without (CON) and with resveratrol (50μM, 75μM, 100μM), TMZ (500μM, 750μM, 1000μM), or 
resveratrol combining TMZ treatments for 48 h. * p < 0.05; ** p < 0.01; *** p < 0.001 vs CON group. The error bars, the mean ± standard deviation.
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STAT3 Inactivation Caused by Res/TMZ 
in GBM Cells
STAT3 signaling pathway plays a critical role in the devel-
opment and regeneration of the central nervous system 
(CNS).20 The high activation level of the STAT3 signaling 
pathway is related to the drug resistance of glioma cells to 
both resveratrol and temozolomide.12 Although the STAT3 
inactivation caused by resveratrol has been evidenced in 
glioma cells, it is still unclear whether it is closely linked 
with Res/TMZ-caused cell crisis. To address this issue, the 
levels of STAT3 signaling in sensitive RG-2 cells treated 
with low effective doses of R25, T250 alone or their 
combination, in insensitive LN-18 and LN-428 cells trea-
ted with relative high doses of R75, T750 alone or their 
combination were checked. It was found in the results of 
ICC that STAT3 was expressed in the three kinds of 
normally cultured GBM cell lines with distinct nuclear 
translocation (Figure 5A). Western blotting showed that 
the expression of STAT3 in RG-2 cells was reduced by 
25.4% after treatment by R25/T250 for 48 h compared 
with that of the control group. p-STAT3 was predomi-
nantly localized in the nuclei of RG-2 cells and became 
weakened (71.2% reduction) after treatment by R25/T250 
for 48 h. The phosphorylation of STAT3 was also inhibited 
in LN-18 (45.7%) and LN-428 (32.6%) cells upon treat-
ment by R75/T750 for 48 h (Figure 5B) compared with 
that of the control group, respectively. Western blotting 
and ICC results revealed that the levels of activation of 
STAT3 in the three kinds of GBM cell lines were relatively 
correlated with their sensitivities to resveratrol and TMZ 

in terms of their distinct reduction in LN-18 and especially 
in RG-2 while lesser significant in LN-428 cells.

Reduction of Survival Factors in Res/ 
TMZ-Treated Cells
Survivin and Bcl-2 play active roles in cell proliferation 
and maintenance of gliomas and are known as the com-
mon target genes of STAT3 signaling pathway.11 

Therefore, their statuses of expression in the three kinds 
of GBM cell lines with or without Res/TMZ treatment 
were analyzed. Western blotting and ICC results revealed 
that the level of survivin was decreased by 56.9% in R25/ 
T250 treated RG-2 cells after 48 h, decreased by 43.5% in 
R75/T750 treated LN-18 cells and decreased by 24.7% in 
LN-428 cells compared with that of the corresponding 
control group, respectively (Figure 6A, B). Moreover, the 
results showed that the level of Bcl-2 of LN-18 cells, LN- 
428 cells and, especially, RG-2 cells were 36.4%, 34.2% 
and 45.9% lower than that in normal glioma cells.

Discussion
GBM is a kind of intracranial malignancy with very poor 
prognosis. Adjuvant chemotherapy has been widely 
employed to prevent tumor relapse because of the diffi-
culty to radically remove the highly aggressive GBM 
tissues by surgery.21 Nevertheless, the recurrent rates still 
remain very high, and the primary and secondary drug 
resistance of GBMs is the main cause of postoperative 
recurrence and death.22 Currently, TMZ is the first choice 
among anti-GBM drugs,23 while the data from clinics 
reveals that the initial effective rate of TMZ is about 
50% for GBMs, and the frequency of secondary drug 
resistance is about 35%,24 resulting in the failure of 
GBM chemotherapy. Given the lack of newly designed 
anti-GBM drugs, it is in urgent need to explore a safer 
and more effective approach to improve the sensitivity and 
even to reverse TMZ resistance of GBM cells.25

Resveratrol, a natural polyphenol compound, possesses 
multiple anti-cancer effects.26 More importantly, it shows 
little toxicity and side effects on normal cells within the 
effective anticancer doses,27 suggesting its values in can-
cer therapy by itself or especially in combination with 
other anticancer drugs. It has been known that resveratrol 
is able to improve the sensitivity of tumor cells to gemci-
tabine, vincristine, adriamycin and paclitaxel.28 Although 
resveratrol combined with TMZ has also been reported to 
be used to treat GBMs,29 it now remains unclear whether 

Table 2 Different Inhibition Effect of Res Plus TMZ on 
Glioblastoma Cell Lines

Cell 
Lines

Res plus TMZ Drug Concentrations (μM)

RG-2 25 

+250

50 

+250

75 

+250

25 

+500

50 

+500

75 

+500
↓↓ ↓↓ ↓↓↓ ↓↓ ↓↓↓ ↓↓↓

LN-18 50 
+500

75 
+500

100 
+500

50 
+750

75 
+750

100 
+750

↓↓ ↓↓ ↓↓ ↓↓ ↓↓ ↓↓

LN-428 50 

+500

75 

+500

100 

+500

50 

+750

75 

+750

100 

+750
↓ ↓ ↓ ↓↓ ↓↓ ↓↓

Notes: ↓Compared with the CON group, p < 0.05= ↓; p < 0.01=↓↓; p < 
0.001=↓↓↓.
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Figure 3 Growth suppression and apoptosis of RG-2, LN-18 and LN-428 cells after resveratrol and TMZ treatment for 48 h. (A) MTT cell proliferation assay. (B) The 
images of TUNEL apoptosis assay (×20) and HE staining (×20). (C) Flow cytometry analysis of Annexin V and PI in three kinds of cell lines for apoptosis. (D) Cell cycle 
distribution analysis detected with PI staining. R25, 25 µM resveratrol; T250, 250 µM TMZ; R75, 75 µM resveratrol; T750, 750 µM TMZ. * p < 0.05, ** p < 0.01 and *** p < 
0.001 vs CON group; the error bars, the mean ± standard deviation.
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this combination is broad-spectrum for all glioma cells or 
not, especially for GBM cells/cases with dual resistance to 
both TMZ and resveratrol. Our study aimed to evaluate the 
synergistic effects of resveratrol and temozolomide against 
GBMs and identify the underlying mechanisms. Results 
showed that rat RG-2 cells were either sensitive to Res or 
TMZ, while human LN-18 and LN-428 GBM cell lines 
were relatively insensitive to both of them. Further ana-
lyses of responses of these three cell lines to different 
concentrations of Res, TMZ and their combinations 
revealed that a combination of 1/4 normal in vitro dosages 
of resveratrol (100 μM) and TMZ (1000 μM) could 

effectively inhibit the growth and induce the apoptosis of 
RG-2 cells, suggesting a reciprocal sensitization effect 
between them. This result was interesting especially for 
RG-2 cells, which are sensitive to resveratrol and TMZ, 
because the bioavailability of resveratrol for RG-2 cells by 
in vivo administration is very low. If it can achieve the 
anti-cancer effect at a lower concentration through the 
combination with TMZ, it will provide experimental 
basis for the practical application of resveratrol in vivo. 
Furthermore, TMZ has objective side-effects such as 
severe gastrointestinal reactions30 and bone marrow 
inhibition.31 If suppression of the growth of GBM cell 

Figure 4 Suppressed expression of MGMT in RG-2, LN-18 and LN-428 cells treated by resveratrol and TMZ combination for 48 h. (A) ICC staining (×40). (B) MGMT- 
oriented Western blotting. β-actin was used as qualitative and quantitative control. CON, cells cultured in 0.2% dimethylsulfoxide (DMSO)-containing medium; R25, 25 µM 
resveratrol; T250, 250 µM TMZ; R75, 75 µM resveratrol; T750, 750 µM TMZ. NS, no statistical significance (p > 0.05); * with statistical significance (p < 0.01; ** p < 0.001 vs 
CON group). The error bars, the mean ± standard deviation.

Dovepress                                                                                                                                                               Liu et al

Cancer Management and Research 2020:12                                                                               submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
8349

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


can be achieved using 1/4 conventional dose of TMZ 
when combined with nontoxic resveratrol, the patients’ 
quality of life would be greatly improved. Besides, 

a large quantity of recent new intracranial drug adminis-
tration methods such as lumbar puncture and intranasal 
delivery also provide new strategies for drugs to reach 

Figure 5 Effects of resveratrol and TMZ on STAT3 signaling pathway in RG-2, LN-18 and LN-428 cells without (CON) and with resveratrol, TMZ, or resveratrol plus TMZ 
treatments for 48 h. (A) ICC examination (× 40) of STAT3 & p-STAT3 (insets). (B) Western blot analyses of STAT3 & p-STAT3. β-actin was used as qualitative and 
quantitative control. CON, cells cultured in 0.2% dimethylsulfoxide (DMSO)-containing medium; R25, 25 µM resveratrol; T250, 250 µM TMZ; R75, 75 µM resveratrol; T750, 
750 µM TMZ. NS, no statistical significance (p > 0.05); * with statistical significance (p < 0.01; ** p < 0.001 vs CON group). The error bars, the mean ± standard deviation.
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intracranial tumor lesions efficiently and inhibit tumors 
effectively.

Multidrug resistance is a very difficult clinical problem 
for the treatment of GBMs.32 LN-18 and especially LN- 
428 cell lines selected in this study are the typical exam-
ples, because the in vitro inhibition effect of resveratrol 
and TMZ on them is not promising. In order to seek the 

possibility of improving the curative effect and reversing 
the drug resistance, we selected correspondingly two high 
concentrations of TMZ, three high concentrations of 
resveratrol compared to the conventional doses and their 
combinations to treat these two less sensitive cell lines. 
Our results showed that the effective combination of the 
two drugs inhibited cell proliferation and induced 

Figure 6 Examination of Bcl-2 and survivin expression in RG-2, LN-18 and LN-428 cells without (CON) and with resveratrol, TMZ, or resveratrol plus TMZ treatments for 
48 h. (A) ICC examination (×40) and (B) Western blot analyses of Bcl-2 and survivin. β-actin was used as qualitative and quantitative control. CON, cells cultured in 0.2% 
dimethylsulfoxide (DMSO)-containing medium; R25, 25 µM resveratrol; T250, 250 µM TMZ; R75, 75 µM resveratrol; T750, 750 µM TMZ. NS, no statistical significance (p > 
0.05); * with statistical significance (p < 0.01 vs CON group). The error bars, the mean ± standard deviation.
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apoptosis in a dose-dependent manner. Nevertheless, the 
sensitivity of these two cell lines to the combination ther-
apy of Res/TMZ was different. For example, the combina-
tion of 50 μM resveratrol and 500 μM TMZ is sufficient to 
cause 56.7% inhibition of growth of LN-18 cells while 
LN-428 cells are more resistant to this combined therapy 
(Figure 2B), and 100 μM resveratrol combined with as 
high as 1250 μM TMZ are required to achieve this similar 
therapeutic outcome. The above results suggested that the 
combined dosage of resveratrol and TMZ may vary from 
patients and the individualized medication is necessary. In 
this context, patient-derived organoids (PDO) would be 
helpful to achieve that goal. The drug sensitivity test 
system of PDO based on GBM will be helpful to achieve 
the above goals.

MGMT is a kind of DNA repair protein that widely 
exists in the organisms from bacteria to mammals, it can 
repair DNA alkylation damage caused by TMZ, leading to 
resistance of TMZ in GBM cells.33 Therefore, suppressing 
the TMZ-induced upregulation of MGMT may be 
a potential approach to overcome resistance of TMZ. 
Similar to the previous reports, TMZ was able to increase 
the levels of MGMT in the three kinds of GBM cells, 
including TMZ-sensitive RG-2 cells in our experiments. 
Resveratrol not only enhanced sensitivity of TMZ in RG-2 
cells and improved the efficacy of TMZ to LN-18 and LN- 
428, but also suppressed the upregulation of MGMT 
caused by TMZ. These findings explain why RG-2 cell 
growth can be efficiently inhibited with a combination of 
1/4 normal in vitro dosages of resveratrol and TMZ to 
great degree. It was also found that the level of MGMT in 
Res/TMZ-treated LN-18 cells was 38.7% lower than that 
of TMZ-treated cells and 24.3% lower than that of the 
control group, and the level of MGMT in the correspond-
ing LN-428 cells was 33.5% lower in TMZ group. These 
phenomena indicated the potential correlation of effects of 
TMZ-sensitizing and MGMT-suppressing of resveratrol in 
GBM cells.

As a common molecular target of resveratrol, STAT3 is 
also significantly associated with chemical resistance to 
TMZ.34 Compared with normal brain tissues, most of the 
glioma tissues (about 90%) and cell lines show high 
degree of phosphorylation of STAT3, which aggravates 
the potential of multi-drug resistance in malignant glioma 
cells. The downstream effectors of STAT3 such as survivin 
and Bcl-2 can regulate multiple processes that are critical 
for cancer progression, involving tumor initiation and 
growth, cell death, cell senescence and differentiation.35 

The results of ICC staining and Western blotting analysis 
showed that Res/TMZ treatment restrained the activation 
of the STAT3 signaling pathway and lowered the expres-
sion of Bcl-2 and survivin in sensitive RG-2 cells treated 
with low effective combination of R25 and T250 as well 
as in insensitive LN-18 and LN-428 cells treated with 
relative high dose combination of R75 and T750, thereby 
enhancing the sensitivities of the three glioma cell lines to 
both resveratrol and TMZ in varying degrees.

Recent studies have shown that glioma initiating cells 
(GICs), a small population of stem-like cells aggravate the 
therapeutic resistance and increase the recurrence of glio-
blastoma, thus leading to the failure of rational therapy and 
molecular target therapy.36 Consequently, it is essential to 
identify and characterize which types of glioma cells can 
evade therapies and become initiating cells so that they can 
be targeted. The synergistic sensitization effect between 
resveratrol and temozolomide in treating gliomas needs to 
be further verified using GICs. In addition, in vitro studies to 
further explore more potential pathways related to relapse 
and resistance and investigate the role of these cellular path-
way targets in different cell populations will further help 
optimize their targeting. In order to simulate the in vivo 
microenvironment, the establishment of more effective 
in vivo models is also very necessary and beneficial to the 
study of drug resistance mechanism of tumor recurrence.

Conclusion
Combination treatment of resveratrol and temozolomide 
(Res/TMZ) had synergistic effects through inhibiting the 
expression of MGMT as well as downregulating STAT3/ 
Bcl-2/survivin signaling pathway, further inducing the 
apoptosis and cell cycle arrest of glioma cells.
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